Studies of the antidiuretic action of the neurohypophyseal hormones have been facilitated by the development of responsive in vitro systems (anuran skin and bladder) (1-4). On the basis of their findings with anuran skin, Ussing and coworkers (5, 6) proposed that the movement of water and small solutes across the skin is limited by porous and diffusion barriers arranged in series and that vasopressin increases the diameter of pores in the porous barrier. Hays and Leaf (7, 8) extended the pore theory to the urinary bladder of the toad and concluded that vasopressin enlarges aqueous channels penetrating the mucosal face of the epithelial cell membrane. Evidence obtained by Orloff and Handler (9, 10) and by Brown, Clarke, Roux, and Sherman (11) indicates that vasopressin exerts its effects by stimulating the generation of adenosine-3',5'-monophosphate (cyclic AMP).
Studies of the antidiuretic action of the neurohypophyseal hormones have been facilitated by the development of responsive in vitro systems (anuran skin and bladder) (1) (2) (3) (4) . On the basis of their findings with anuran skin, Ussing and coworkers (5, 6) proposed that the movement of water and small solutes across the skin is limited by porous and diffusion barriers arranged in series and that vasopressin increases the diameter of pores in the porous barrier. Hays and Leaf (7, 8) extended the pore theory to the urinary bladder of the toad and concluded that vasopressin enlarges aqueous channels penetrating the mucosal face of the epithelial cell membrane. Evidence obtained by Orloff and Handler (9, 10) and by Brown, Clarke, Roux, and Sherman (11) indicates that vasopressin exerts its effects by stimulating the generation of adenosine-3',5'-monophosphate (cyclic AMP).
The present study extends the observations of Hollander, Williams, Fordham, and Welt (12) on the kinetics of the antidiuretic action of vasopressin in eivo and those of Karlin (13) on the spontaneous resistance to the action of neurohypophyseal hormones in vitro. For our studies a volume chamber was developed that allows continuous measurement of the net flow of water across the isolated toad bladder. This device was used to characterize the kinetics of the antidiuretic action of vasopressin and cyclic AMP and of combinations of both agents. We have interpreted the results in terms of the pore-cyclic AMP theory.
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Methods
The glass apparatus used to measure rates of net transport of water consists of an open right-angled cylinder and a closed chamber with an attached 1-or 2-ml pipette ( Figure 1 ). To keep the hemibladders rigidly in place, nylon mesh hose, no. 30 denier, was drawn tightly over the opening of each hemichamber and secured with rubber bands. A rubber gasket was placed between the flange of the glass and the nylon mesh to prevent leakage. The closed chamber and pipette were filled and drained through stopcocks. Water flow for 5-or 10-minute periods was measured by timing the travel of the meniscus in the pipette. The Figure 8 in which larger chambers providing an exposed area of bladder of 7.1 cm2 were used.
The composition of the bathing solutions was as follows: Serosal solution A (Nat Ringer's) consisted of 111.0 mM NaCl, 2.4 mM NaHCO3, 3.4 solid line (-0-) was exposed to small increments in the concentration of vasopressin until a saturation effect was achieved at 60 mU per ml. Raising the concentration of vasopressin to 160 mU per ml had no further effect. The hemibladder (--X--) exposed initially to a saturating concentration of vasopressin (100 mU per ml) showed a minimal response when the concentration of vasopressin was increased to 200 mU per ml.
(1/5 Na+ Ringer's) was a 1/5 dilution with water of serosal solution A. Mucosal solution A-C (1/10 choline Ringer's), consisting of 11.1 mM choline chloride, 02 mM KCl, 0.2 mM KHCO3, 0.3 mM CaCl2, and 0.6 mM glucose (osmolality = 0.023), was used in the studies of water flow in the absence of net Nae transport.
In the studies illustrated in Figure 8 After the addition of vasopressin to the serosal bathing medium and after a latent period of 5 to 20 minutes, the rate of osmotic flow increased to a peak value. The peak values were reached in 20 to 60 minutes-( Figure 2 ). The time required to reach peak rates of flow tended to be inversely related to the concentration of hormone. As seen in Figures 2 and 3 , increments in the concentration of vasopressin above threshold level (1.0 mU per ml for the small and 0.2 mU per ml for the large chambers)3 led to progressive augmentation of osmotic flow. ( Figures 2 and 3) . The characteristic features of saturation kinetics are illustrated by the reciprocal plot shown in Figure 2 . Identical kinetics were obtained in the absence of net Na+ transport, which was assured by replacing all the Na+ in the mucosal solution with choline (i.e., mucosal solution A-C) (Figure 4 ). Bentley (14) reported that the antidiuretic response to vasopressin was reduced by the substitution of choline for Na+ in the mucosal medium, but Hays and Leaf (7) found that the antidiuretic activity of vasopressin was not Na+ dependent.
2) Cyclic AMP. As shown in Figure 5 , the time course of response to cyclic AMP, as well as the dose-response relationship, was indistinguishable from that of vasopressin. A plot of the reciprocal of the peak rate of flow against the reciprocal of the concentration of cyclic AMP also yielded a linear relationship ( Figure 5 ).
Relative potency
The minimal concentration of vasopressin that regularly produced a significant increase in the rate of osmotic flow of water was 0.2 to 1.0 mU per ml or 10-10 to 10-9 Ml, based on a potency of 450 U per mg for pure arginine vasopressin. The threshold concentration for cyclic AMP was.
between 10-I and 10-4 MI.
Resistance
The characteristic decay in the response to vasopressin and to cyclic AMP is shown in Figure 6 . Shortly after the peak rate of flow was obtained, a progressive decline in flow set in. The development of resistance varied considerablyfrom preparation to preparation but was always greatest after the maximal rate of flow had been elicited. The correlation between the concentration of hormone and the velocity of the resistance reaction is also apparent in the data of Karlin (13) . Resistance was clearly not a consequence of destruction of the hormone by the bladder, since the addition of saturating quantities of vaso--pressin to the inhibited system failed to elicit a further increase in its permeability to water (Figure 3) . Resistance to the action of vasopressin is not a result of time-dependent in vitro deterioration of the vasopressin-sensitive element. As shown in Figure 3 , an equal concentration of hormone yielded an equivalent maximal response 220 minutes after the hemibladder had been Figure 6 ). mounted, at a time when the paired hemibladder showed well-developed resistance.
Reversal of resistance
The initial state of minimal permeability could be restored by removal and washout of the media after resistance was well developed. Reintroduction of the same quantity of vasopressin produced a second response of comparable magnitude ( Figure 6 and Table I ). In each instance, however, the second peak was lower than the first peak, and the average difference of 1.0 jul per minute was statistically significant by the paired method. These results indicate that there was some element of irreversibility in the resistance to vasopressin. The same maneuver carried out with cyclic AMP resulted in restoration of the state of minimal permeability but little or no reversal of the resistance to cyclic AMP ( Figure 6 and Table I ).
Th possible existence of a common mechanism responsible for the resistance induced by either vasopressin or cyclic AMP was ruled out by cross experiments ( Figure 7 and Table II) . After the (Vs) . Then, V = aV., [1] where a is the coefficient of distribution in the steady state.
2) The active intermediate (V) reacts reversibly with independent receptor sites (R) to produce a complex VR, and at equilibrium, K = V RI KV-.RI [2] where K is the association constant for the reaction V + R=VR.
3) Ussing [as quoted by Hollander and colleagues (12) ] proposed that each complex VR gives rise to a pore, or in more general terms a locus of decreased resistance to osmotic flow. ship: * =VR [3] where 0 is the rate of flow at a constant difference in osmotic pressure and /8 is an empirical coefficient.
4) To complete the derivation, it is also necessary to assume that the total number of receptor sites are conserved.
These assumptions yield the following relationwhere 0m denotes the maximal rate of flow and reciprocal of the vasopressin-dependent increment in the rate of reabsorption of water by the rat kidney (inferred from the difference between the clearance of free water during maximal water diuresis and its clearance during a constant infusion of vasopressin) on the reciprocal of the rate of infusion of vasopressin. We found a similar relationship in vitro (Figures 2 and 4) . Some additional conclusions, however, can be drawn from our observations. The concentration of vasopressin at the serosal surface of the receptor cell, rather than the action of an intermediate produced by some other organ such as the liver, determines the effect. The possibility that local changes in blood flow influenced the kinetics of the antidiuretic response is eliminated by our studies. It is also apparent that although vasopressin accelerates the rate of active transport of Na+ (3, 16) , the kinetics of the antidiuretic response are independent of effects on Na+ transport (Figure 4) .
A puzzling feature of the kinetics of the action of vasopressin concerns The form of the kinetics of the antidiuretic action of cyclic AMP is indistinguishable from that of vasopressin (Figures 2 and 5 ). The minimal concentration in the serosal medium necessary to produce a consistent increase in osmotic flow, however, is far greater for cyclic AMP ( -10-4 M) than for vasopressin (a 10-10 M). In broken-cell preparations the nucleotide is effective at concentrations of -10-8 M (17), suggesting that inactivation of cyclic AMP by cyclic nucleotide phosphodiesterase may reduce the concentration that is achieved in the intact toad bladder. Another feature that needs explanation is the ability of vasopressin to produce a further increase in water flow after saturation with cyclic AMP. It might be inferred from these observations that the mucosal cell surface of the toad bladder contains two classes of sites and that vasopressin activates both classes by stimulating the formation of intracellular cyclic AMP as well as by another mechanism. The relatively small effect of cyclic AMP on the vasopressin-saturated system observed in our experiments ( Figure 7 and Table II ) is also compatible with this explanation. An alternative explanation, however, is provided by some of our recent observations on the pH dependence of the antidiuretic action of cyclic AMP. The optimum pH for vasopressin is greater than 8.0, whereas it is 7.0 for cyclic AMP (18) . At the pH of the Ringer's solution (-8.4) used in the present experiments, vasopressin would be acting at its optimum pH, whereas cyclic AMP would be constrained.
Karlin (13) recently reported that the development of progressive resistance to the antidiuretic action of oxytocin in the urinary bladder of the toad does not result from irreversible changes in the epithelium or inactivation of the oxytocin in the medium but rather from the accumulation of a poorly dialyzable inhibitor in the serosal medium.
Our results confirm his findings in large measure. In addition, we found that resistance develops to the action of both vasopressin and cyclic AMP when these agents are present in the media continuously. Resistance to vasopressin was reversed in large part simply by replacing the serosal solution with a fresh solution containing the same concentration of hormone (Figure 8) . Removal of the original serosal solution and then reintroduction of the original solution does not reverse acquired resistance so that the reversal effect of fresh solutions cannot be attributed to mechanical stimulation (13) . Resistance to cyclic AMP, however, was not reversed by replacing the serosal solution with a fresh solution of cyclic AMP after allowing the permeability to water of the toad bladder to return to resting levels ( Figure 6 ). The addition of either vasopressin or cyclic AMP to the serosal medium after resistance to the other agent was well developed resulted in a significant increase in osmotic flow (Table II) . The response to vasopressin of the cyclic AMP-resistant system was greater than the response to cyclic AMP of the vasopressin-resistant system. These results indicate that separate pathways are involved in the development of resistance to these agents and that neither type of resistance involves a change at the locus of decreased resistance to osmotic flow in the mucosal face of the epithelial cells of the bladder. The irreversibility of cyclic AMP-induced resistance to cyclic AMP is particuilarly mysterious in view of the responsiveness of this system to vasopressin. Summary A volume chamber that permits continuous measurement of the net flow of water across the isolated urinary bladder of the toad was developed and used in the present studies to characterize the response to vasopressin and cyclic AMP. The antidiuretic response to both agents gave the same type of saturation kinetics, consistent with the model previously proposed by Hollander and associates (12) . In view of the strong evidence in support of the cyclic AMP theory of the action of vasopressin, it was puzzling to find that the development of spontaneous resistance to either agent alone did not block a significant response to the other. In addition, vasopressininduced resistance to vasopressin was almost completely reversible, whereas cyclic AMP-induced resistance to cyclic AMP was not reversible under the conditions of the present studies.
